A study was made of sputtered hydrogenated-amorphous (a-)SiGe:H and a-SiGeC:H thin films, which were successfully applied to on thin film transistor (TFT) arrays as an inorganic black-matrix (BM) of liquid crystal displays (LCDs). The sheet resistance of a-SiGeC:H films is generally higher than that of an a-SiGe:H film with the same deposition conditions and the resistance can be varied widely by changing the hydrogen concentration of the film. The deposition and annealing temperatures, and the carbon concentration can also control the sheet resistance by up to about two orders of magnitude. It was found that the activation energy is higher for high sheet resistance films. The deposition conditions were optimized and the thin-film characteristics were studied by FT-IR, electron spin resonance (ESR), Rutherford back scattering (RBS), and forward recoil elastic scattering (FRES). For a crosstalk-free LCD with high contrast ratio (about 150), it was found that the sheet resistance of the BM needs to be more than 10 15 =Ã with an optical density (OD) of more than 2.3.
Introduction
Lower power consumption is a critical factor in extending the battery life of mobile computers. In order to reduce the power consumption of TFT-LCDs by lowering the backlight power, it is necessary to increase the aperture ratio of the TFT arrays to obtain higher transmittance. One way of increasing the aperture ratio is to use a black-matrix on a TFT array (BMA), because this allows the black-matrix (BM) pattern to be aligned more accurately with the TFT array. BMAs are not only useful for increasing the aperture ratio, but can also reduce the surface reflectivity of the LCD panels. It is desirable to use thinner inorganic BMs with a high optical density (OD), because a reverse-tilt at the edge of the aperture tends to appear with a thick organic BM film, [1] [2] [3] which has to be 1.5-2.0 mm thick to obtain the necessary OD. Another advantage of an inorganic BM is that when it is deposited on a passivation layer, no additional photolithography process is necessary, because the BM and passivation layer can be etched together.
In a previous study of TFT characteristics with an inorganic BM on top, it was found that the resistivity of the BM has to be more than 7 Â 10 13 =Ã to avoid leakage between the source and drain of the TFT when it is driven by the vertical line inversion method with 16.6-ms frame signals. [4] [5] [6] However, when the BM was actually applied to an LCD panel, severe vertical crosstalk appeared, with a low contrast ratio. Front-of-screen (FOS) results and computer simulations showed that the BM sheet resistance needs to be more than 10 15 =Ã for the same driving conditions in order to eliminate vertical crosstalk. 7) It was found that the vertical crosstalk was due to the capacitive coupling between the data lines and the indium tin oxide (ITO) pixel electrodes when the BM sheet resistance was lower.
Amorphous (a-)SiGe:H is a promising candidate for an inorganic BM, because of its high resistivity and high OD. In this study, we analyzed characteristics of a-SiGe:H and aSiGeC:H films suitable for inorganic BMs for TFT arrays, and also investigated the FOS characteristics of the LCD panels.
Experiments
Inorganic BMs, a-SiGe:H and a-SiGeC:H, were deposited on TFT arrays by reactive dc magnetron sputtering, using Si and Ge (and C) mosaic targets with a size of 5 Â 25 inches. A mixture of Ar and H 2 gas was used at pressures of 0.4 to 1.2 Pa. The hydrogen concentration in the film was controlled by increasing the H 2 /Ar gas flow ratio. The dc power was varied from 1.4 to 3.2 W/cm 2 . Substrate temperatures of room temperature (RT), 150 C, and 200 C were used. The thickness of the BM was varied from 200 to 700 nm, with an OD of 1.5-2.6, and the sheet resistance of the BM was varied between 2 Â 10 12 and about 1{5 Â 10 16 =Ã. The OD of the BM film was determined by integrating the transmittance spectrum from 380 to 780 nm and correcting with the luminosity factor.
The resistivities were measured in three ways. The first two involved measuring the resistivity in the film plane, (1) using a high-resistivity meter (YHP 4329A) with a ringshaped electrode, and (2) depositing a BM film on a glass substrate with two interlocking comb-shaped electrodes. The other way (3) was to measure the resistivity perpendicular to the film, depositing the BM film on a metal-coated glass substrate and making dotted electrodes on the top. Since the resistivity changes with time during the measurement, the saturated value was used to determine the resistivity. The resistivities measured in the above three ways agreed well with each other.
The Si, Ge, and H content was measured by using Rutherford backscattering spectrometry (RBS) and forward recoil elastic scattering (FRES) of 2.3 MeV 4 He þ ions. The carbon content was measured by nuclear reaction analysis using the 12C(d,p)13C reaction. The system was calibrated with an ion-implanted sample of carbon-12 in silicon. For the film characteristics, the Fourier Transform Infrared Spectroscopy (FTIR) characteristics, and the Electron Spin Resonance (ESR) spectra were also measured. About 300 nm thick a-SiGe:H or a-SiGeC:H films were deposited on Si or quartz substrates for these measurements.
For photolithography and dry etching of the BM, both passivation (SiN x ) and a-SiGe:H films were plasma-etched with a mixture of CF 4 , SF 6 , and O 2 gases. The LCD panels were fabricated by a conventional method using color filters without Cr BMs. The etching conditions were optimized as CF 4 : SF 6 : O 2 ¼ 120 : 40 : 40 sccm, a power of 500 W, and pressure of 5 Pa. The panels were driven by both a verticalline inversion driving method, and a horizontal-line inversion using the common-electrode alternation driving method (a row inversion with V-com modulation: H/com inversion).
The crosstalk ratio, Ct, at various positions on the panel was determined by taking, for each panels, the ratio of the luminance of the gray background around a black box when the box was shown compared to the luminance when the box was not shown. This is given by
where L is the luminance of a spot on the gray background without a black box, and Lb is the luminance of the same spot on the gray background with a black box.
Results and Discussion

Characteristics of a-SiGe:H and a-SiGeC:H films
It was found that a-SiGe:H and a-SiGeC:H films are promising candidates for use as ''inorganic BMs'' in TFTLCDs because of their high resistivity and high optical density (OD). As is shown in Fig. 1 , the sheet resistance of aSiGe:H and a-SiGeC:H films increases as the H 2 /Ar flow ratio increases, while the OD decreases. It appears that these results are related to the H content of the films, and that the H 2 /Ar flow plays a very important role in determining the film resistivity and the OD, as is shown in Fig. 1 . For example, the H content of the film was measured at about 10-11 at% after annealing at 180 C when a sample was grown with H 2 /Ar = 6, as in Fig. 1. An OD above 2.3 is considered to be high enough for a BM to be used in a TFT-LCD. The sheet resistances and ODs are normalized for a film thickness of 500 nm in Fig. 1 .
In a previous study 7) of computer simulation of vertical crosstalk, it was predicted that an a-SiGe:H BM sheet resistance of more than 10 15 =Ã would be high enough to eliminate the vertical crosstalk. Also, an OD above 2.3 was considered to be high enough for a BM to eliminate optically induced vertical crosstalk. 7) Therefore, according to Fig. 1 , a-SiGe:H and a-SiGeC:H films with sheet resistances of more than 10 15 =Ã and ODs of about 2.3, which are considered to be sufficient for the BM to be used in LCDs, can be obtained with a growth condition of H 2 /Ar = 6.
In most cases, the sheet resistances of a-SiGe:H BM films dropped after two hours' annealing, which was performed at temperatures of 230 C and 180 C for the samples grown at 200 C and 150 C, respectively. The values of the OD, however, increased slightly by about 0.1 or 0.2 after the annealing. This confirmed that the hydrogen desorbs from an a-SiGe:H film after annealing, based on the H content measurement in the film by using FRES measurements. Therefore, sheet resistance and OD change after annealing appears to be due to the H content change.
In contrast, the BM sheet resistances tended to increase after the two hours' annealing at 180 C for the samples grown at room temperature as shown in Fig. 1 . It appears that excess H atoms in the film terminate the dangling bonds after the annealing, and suppress the hopping conduction. In Fig. 2(a) and 2(b) , the ESR spectrums of the a-SiGe:H and aSiGeC:H films before and after annealing at 180 C are shown, respectively. As is shown in both figures, the spin density in the film decreases, apparently because the dangling bonds were passivated and decreased after the annealing. According to the calculations, the reduction of spin density N by annealing was about 1 Â 10 19 cm À3 for both films. This shows that the reduction of dangling bonds appears to relate to the increase of resistivity after the annealing, as shown in Fig. 1 . The spectrums are very similar for both the a-SiGe:H and a-SiGeC:H films, as shown in Figs. 2(a) and 2(b) . It seems that most of the dangling bonds are related to Ge sites. Therefore, it seems that there is not much difference with in the spin density for both a-SiGe:H and a-SiGeC:H films.
In addition, adding a certain amount of carbon to aSiGe:H film increased the resistivity of the film after annealing, as shown in Fig. 1 . The a-SiGeC:H film sheet resistances as high as 7 Â 10 15 -7 Â 10 16 =Ã were obtained after annealing at 180 C. Figures 3(a) and 3(b) show the FTIR characteristics of the a-SiGe:H and a-SiGeC:H films after annealing at 180 C for two hours. As shown in Fig.  3(a) there are secondary peaks at around 750 cm À1 for aSiGeC:H film. These peaks are thought to be due to the Crelated bonds such as Si(Ge)-C or Si(Ge)-CHn bonds obtained from the peak fitting, as shown in Fig. 3(b) . This shows that by introducing C in a-SiGe:H film, C bonds to Si or Ge by replacing H. The FTIR signals in the range covered by Fig. 3(a) change very little before and after the annealing, but, the peaks around 1800 to 2200 cm À1 have changed as shown in Figs. 3(c) and 3(d) . For a-SiGe:H film as shown in Fig. 3(c) , Si-H decreases and Si-H 2 and Ge-H 2 bonds increases after annealing. This bond change may also relate to the electrical conductivity change of the film after annealing. This tendency is the same for a-SiGeC:H film as shown in Fig. 3(d) , but with a small shift of the peaks. This means that a-SiGeC:H film is more stable because of more C bonding to Si or Ge sites instead of H bonding to those sites. According to RBS and FRES measurements, the C content was measured at about 2-4 at% and the atomic ratios are Si : Ge : H ¼ 36 : 38 : 26 for a-SiGe:H film and Si : Ge : C : H ¼ 33 : 33 : 4 : 30 for a-SiGeC:H film. Figure 4 shows an Arrhenius plot of the a-SiGe:H and aSiGeC:H films conductivity. The activation energy was obtained form the slope of the plots and calculated as 0.89 eV and 0.97 eV for the a-SiGe:H and a-SiGeC:H films, respectively. This shows that a-SiGeC:H films have higher Fig. 3 . FTIR spectrum of a-SiGe:H and a-SiGeC:H films. activation energies that are related to higher resistivity. This activation energy can also can be explained from the band gap. From the observation of light absorption, the aSiGeC:H film has a wider band gap compared with an aSiGe:H film and this leads to the higher activation energy for a-SiGeC:H film.
There is another advantage in using a BM on TFT array. As is well known, a-Si TFTs with BMs on the top surface are less photosensitive, because the BM blocks the light coming from above. BMs are similarly effective during dry etching, because they can also protect the TFTs from exposure to the plasma. In the final process of fabricating a TFT array, when the pixels and electrode pads covered by the passivation layer are opened by dry etching, it is often necessary to anneal the TFTs in order to rectify the damage caused by the plasma. However, when the TFTs are covered by BMs, this annealing process is not necessary.
Front-of-screen measurements
After fabrication of the LCDs with black matrixes on TFT arrays (BMAs), front-of-screen (FOS) measurement were carried out. Figure 5 shows the contrast ratio between 0.0 V and 5.5 V as a function of the BM sheet resistance for displays driven by a vertical-line inversion driving method. A contrast of about 110 was obtained when an a-SiGe:H BM film with a sheet resistivity of about 3 Â 10 14 =Ã was used. When an a-SiGeC:H film with a sheet resistivity of about 9 Â 10 15 =Ã was used, a contrast of about 150 was achieved. These results imply that the retention of the pixels improves as the resistivity of the BM increases, owing to reduced coupling between pixel electrodes and surrounding signal lines. 7) In addition, the contrast ratio can be also increased by using a high-transmittance color filter. Crosstalk was hardly visible for the panel whose data is shown in Fig. 5 , which has a contrast of about 150. The minimum crosstalk ratio, Ct, of 0.8% was obtained for panels with BMA driven by the H/com inversion driving method. Figure 6 shows the transmittance curve as a function of the driving voltage (V-T curve) for panels with BMAs driven by the H/com inversion driving method. It can be clearly seen that the voltage at 50% transmittance shifts towards a lower voltage as the BM resistivity increases. This means that the coupling between pixel electrodes and the surrounding signal lines is becoming weaker, and the charge retention of the pixels become better as the BM resistivity increases. A 6% points increase in the aperture ratio led to higher cell transmittance and to an increase of about 1.3 times in the brightness of LCDs. The surface reflectance of the LCDs using BMAs was about the same as that of conventional Cr/CrO x BMs on the color filter side.
Life tests of the BMA-LCD panels in the driving condition were also continued for 1000 h at a temperature of 50 C and a humidity of 80%. There was no significant degradation in picture quality or in FOS measurements such as contrast, uniformity, crosstalk, defects, image sticking, or V-T curve.
Use of the BMAs increased the aperture ratio by 6 percentage points, leading to a higher cell transmittance and an increase of about 1.3 times in the brightness of the LCDs. LCD transmittance was increased about 30% by increasing the aperture ratio using a BM on the array. In addition, the surface reflectance of the LCD panels using the BMAs was about the same as that of conventional Cr/CrO x BMs on the color filter side.
Conclusion
The characteristics of a-SiGe:H and a-SiGeC:H films were investigated for TFT-LCDs for use as inorganic BMs on arrays. The BM resistivity was raised by increasing the H content of the film, by adding C in the film and by annealing the film. The thin film characteristics of the BMs were optimized and it was found that a BM sheet resistivity of more than 10 15 =Ã is necessary to obtain a high quality LCD. The film characteristics were studied by FTIR, ESR, RBS, and FRES, and it was found that dangling bonds were reduced after the annealing at 180 C for two hours, and that the Si-H 2 and Ge-H 2 bonds were increased. These phenomena appears to be related to the increase in resistivity after annealing. According to FOS measurements, LCDs with an average contrast ratio of about 150 between 0.0 V and 5.5 V, and a crosstalk ratio as low as 0.8% were obtained by using the a-SiGeC:H BM sheet resistivity of about 10 16 =Ã. The aperture ratio was increased by using BMAs, and the cell transmittance was increased by about 1.3 times. The LCD transmittance was increased about 30% by increasing the aperture ratio using BMs on the arrays. 
